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Abstract
Quantifying the contributions of carbon sources that support food webs in large rivers is an important 
and growing field of ecological research with implications for future management and rehabilitation. 
Here we review theoretical concepts and recent empirical evidence that address carbon flow 
through aquatic food webs in large rivers.  The literature reviewed focuses on studies using stable 
isotope analysis, which is a tested framework for identifying the origin of carbon sources that are 
assimilated by primary consumers and subsequently transferred through the food web to support 
higher consumers. Theoretical concepts addressing carbon flow in large river food webs have tended 
to stress the importance of organic matter originating from different sources, such as floodplains 
(Flood Pulse Concept), local riparian and aquatic primary producers (Riverine Productivity 
Model), or leakage from upstream processing of terrestrial organic matter (River Continuum 
Concept).  Recent empirical evidence from a range of studies has highlighted the importance of 
autochthonous carbon, especially in the form of benthic algae and phytoplankton, to food webs 
in a variety of large rivers.  However, some flexibility is apparent within food webs and several 
studies have identified a range of secondary carbon sources that can also be consistently important, 
depending on the temporal and spatial patterns of hydrogeomorphic conditions.  The geographic 
spread of studies addressing carbon flow in large river food webs is steadily increasing, although 
long term data sets remain sparse.  Despite this, opportunities exist to improve our understanding 
of historical changes in river food webs and to develop predictive models of future responses to 
environmental change through the use of museum collections and rehabilitation case-studies.
Keywords: Carbon flow; stable isotope analysis; Riverine Productivity Model; Riverine Ecosystem Synthesis; 
Flood Pulse Concept; River Continuum Concept. 
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Introduction
Large rivers play an important role in human societies, 
providing drinking water, navigable networks for the 
movement of people and goods, and supporting food 
webs that sustain economically and culturally valuable 
fisheries (Allan & Flecker, 1993).  Unsurprisingly, large 
rivers are also amongst the most regulated and altered 
ecosystems on Earth, with only 35 % of large river systems 
remaining unfragmented by dams or unaffected by 
hydrological regulation for flood control, hydro-electricity 
generation, irrigation or ship movement (Nilsson et al., 
2005).  Recent estimates indicate that aquatic habitats 
associated with 65 % of global river discharges are 
moderately to highly threatened (Vörösmarty et al., 2010). 
In addition, riverine ecosystems are threatened by species 
invasions, overharvesting, pollution and climate change 
(Allan & Flecker, 1993).  In recent years, efforts to conserve 
and restore large river ecosystems have become the focus 
of a range of disciplines including hydrology, ecology, 
planning, engineering and management.  In order to 
evaluate the effects of ongoing management activities and 
potential restoration measures on large river ecosystems, it 
is essential to have an understanding of the function and 
structure of riverine food webs and the sources of carbon 
that sustain productivity at higher trophic levels (Johnson 
et al., 1995). 
Winemiller & Polis (1996) defined a food web as “a 
network of consumer-resource interactions among a group 
of organisms, populations, or aggregate trophic units” 
(see also Woodward & Hildrew, 2002).  The most basic of 
interactions is that of consumption and assimilation into the 
tissues of other organisms, either through direct predation 
or through microbial and detrital loops (Winemiller & 
Polis, 1996; Thorp & Delong, 2002).  Consumption can 
be measured by examining the stomach contents of 
consumers of interest, and this information can be used 
to identify direct interactions and classify consumers 
into functional groupings, e.g. detritivore, herbivore, 
planktivore, insectivore and piscivore (e.g. Fisher et al., 
2001).  However, the sole use of dietary analysis for food 
web studies can be confounded by consumed items being 
selectively assimilated, an overemphasis of numerically 
abundant items in the diet (Fry & Sherr, 1989), and by 
only giving a snapshot of what mobile organisms may 
be consuming across time and space (Ebner et al., 2009). 
Furthermore, partial digestion or damage to food items 
and the consumption of amorphous detritus can hamper 
accurate identification of consumed material (Fisher et 
al., 2001; Layman et al., 2005).  Accordingly, stable isotope 
analysis is often used as an integrative technique, which 
can be used to support dietary analysis and describe a 
range of food web characteristics (Herwig et al., 2007). 
Stable isotope analysis has been applied to investigate a 
wide range of aquatic ecosystem traits and processes, often 
using naturally occurring ratios of heavier to lighter carbon 
and nitrogen isotopes (usually presented as δ13C and δ15N, 
respectively), to elucidate trophic position (Vander Zanden 
& Rasmussen, 1999; Post, 2002), food web interactions 
(Fisher et al., 2001), fish movements (Rasmussen et al., 
2009), fish habitat use (Fry, 2002), seasonal food web 
patterns (Herwig et al., 2007), the effects of introduced 
species (Martinez et al., 2001), catchment geochemistry 
and land use (Chang et al., 2002; Jepsen & Winemiller, 
2007; Winemiller et al., 2011), and other human impacts on 
aquatic ecosystems (Kohzu et al., 2009).  One of the most 
important uses of stable isotope analysis is to identify and 
quantify patterns of carbon flow through food webs as 
stable isotopes provide a time integrated measure of energy 
flow and trophic interactions (Post, 2002).  Carbon isotope 
ratios can be used to differentiate between sources of carbon 
and to track energy flow through the food web, as δ13C 
changes little as a result of trophic transfer (usually < 1 ‰ 
at each trophic level) (Fry & Sherr, 1989; McCutchan et al., 
2003).  Nitrogen isotope ratios tend to reflect the number of 
transfers a carbon source has undertaken (trophic position) 
and can fractionate by c. 2–4 ‰ with each trophic transfer 
(Post, 2002; McCutchan et al., 2003).  The use of multiple 
isotopes in unison can strengthen the discrimination of 
potential food sources, particularly where signatures of one 
isotope may overlap (France, 1997; Finlay, 2001).  Where 
discrimination is possible, mixing models can be used to 
estimate feasible contributions of primary carbon sources 
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to higher consumers.  These models allow researchers to 
quantify carbon flow and ultimately determine the source 
or sources of carbon supporting secondary production. 
Linear mixing models such as IsoSource (Phillips & Gregg, 
2003) have been employed regularly for this purpose, and 
although unique solutions arising from these models are 
generally limited to n+1 basal carbon sources (where n is the 
number of isotopes employed), a posteriori aggregations 
of ecologically similar resources can provide meaningful 
conclusions regarding resource use by consumers (Phillips 
et al., 2005).  More recently, Bayesian mixing models 
such as SIAR (Parnell et al., 2010) and MixSiR (Moore & 
Semmens, 2008) have become available.  A strength of 
these models is that variation associated with estimates 
of trophic fractionation and isotopic signatures of basal 
carbon resources, particularly those of aquatic primary 
producers which often vary in time and space (Boon & 
Bunn, 1994; Finlay et al., 1999; Hawden et al., 2010), can be 
incorporated to produce probability estimates of source 
contributions.  Although several assumptions need to be 
made in order to interpret stable isotope ratios of consumers 
and to estimate contributions from carbon sources (e.g. 
regarding tissue turnover, food assimilation and trophic 
fractionation (see Gannes et al. (1997) and del Rio et al. 
(2009)), when supported by concurrent observational 
data or detailed literature information they provide 
powerful tools for elucidating energy flow in food webs. 
The logistical challenges of effectively sampling 
biological communities in large rivers, due to their inherent 
size, hydrogeomorphic complexity and geographical and 
temporal variation, mean that ecological knowledge of 
large rivers is still relatively limited compared with smaller 
wadeable streams (Sedell et al., 1989).  Nevertheless, 
there have been significant advances in conceptualising 
pathways of carbon flow in large river ecosystems in 
recent years (see Thorp et al. (2008)) and consequently, 
a number of studies have tested various large river food 
web theories in different parts of the world.  The aim of 
this review is to relate recent findings on carbon sources 
supporting large river food webs to the relevant theoretical 
concepts accounting for carbon flow in large rivers.  We 
first review knowledge underpinning the development 
of large river food web theory and then summarise the 
findings of studies that have tested these theories since 
publication of the Riverine Ecosystem Synthesis (Thorp et 
al., 2006).  Several definitions exist as to what constitutes 
a ‘large’ river or river system. They include rivers of 
seventh order or greater based on the Strahler concept 
(Vannote et al., 1980; Johnson et al., 1995) and rivers with 
a virgin mean annual discharge of ≥ 350 m3  s-1 (Dynesius 
& Nilsson, 1994; Nilsson et al., 2005).  For the purposes of 
this review, we used both of these definitions as a basis 
to select relevant studies.  Although other techniques 
are also available for quantifying direct and indirect 
interactions in food webs, our review focuses on studies 
which have employed stable isotope analysis techniques, 
as they provide a tested and consistent framework 
for estimating the flow of carbon through food webs.
Spatial and temporal complexity in 
large rivers
Large rivers are dynamic, multi-dimensional ecosystems 
with longitudinal, lateral, vertical and temporal dimensions, 
that can occur as single or multi-branched channels etched 
into the landscape (Ward, 1989; Power et al., 1995; Thorp et 
al., 2008).  From a lateral perspective, the fast-flowing main 
and secondary channel habitats can be supplemented 
by a mosaic of low-flow habitats (e.g. backwaters, side 
channels, lakes, bays, tributary confluences, lagoons, and 
littoral zones) whose physical and biological characteristics 
differ from each other in terms of hydrologic connectivity 
dictated by flow in the main channel, with subsequent 
implications for food webs (Schiemer & Hein, 2007; Thorp 
et al., 2008; Zeug & Winemiller, 2008; Roach et al., 2009a, 
b).  The arrangement and frequency of occurrence of lateral 
habitats will be determined by the hydrogeomorphic 
nature of the river and its catchment (e.g. braided vs. 
canyon reaches, rain vs. snowmelt fed), and can be further 
influenced by anthropogenic regulation of the flow 
regime (e.g. dams) and floodplain extent (e.g. dykes). 
Low-flow lateral habitats can differ from those in the main 
channel by providing shelter from high current velocities, 
increased riparian inputs and shading, and temperature 
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and turbidity gradients (Schiemer & Hein, 2007; Thorp et 
al., 2008).  Contributing watercourses provide additional 
complexity to the riverscape.  As well as structuring 
physical characteristics downstream, tributaries can 
provide important linkages with, and donate carbon 
sources from, distant habitats such as lakes, wetlands and 
headwater streams (Vannote et al., 1980; Kiffney et al., 2006; 
Rice et al., 2006; Rosales et al., 2007).  Within the floodscape, 
variability of the fluvial regime results in the disconnection 
and reconnection of a range of lateral habitats such as 
side arms, billabongs, oxbow and other floodplain lakes, 
thereby resulting in the generation and dispersal of novel 
carbon sources (Amoros & Bornette, 2002). 
The temporal pattern of interactions between the 
main channel and lateral habitats can also have significant 
implications for the relative abundance and importance 
of carbon sources, and for pathways of carbon flow to the 
river food web as a whole.  Hydraulic retention zones can 
play an important role in nutrient processing and organic 
matter production at times of low connectivity with the 
main channel, providing carbon for food webs within 
these habitats and also to those downstream through 
export during connection phases (Schiemer & Hein, 2007; 
Preiner et al., 2008).  As a result, conditions in these habitats 
can vary seasonally, resulting in temporal changes in the 
abundance and diversity of predator and prey species, 
food web structure and primary producers, which are 
often the carbon sources supporting riverine food chains 
(Fisher et al., 2001).  Increased lateral complexity within 
the riverscape (including ‘terrestrial’ habitats such as 
islands and exposed sand bars) further increases the 
potential for interaction between the river and floodplain 
habitats, and can provide important resource subsidies 
and habitat for aquatic organisms during high flows (Junk 
et al., 1989; Benke, 2001; Górski et al., 2010).  Temporarily 
inundated habitats can enhance recruitment of both 
main stem and floodplain fish species during floods and 
along with more semi-permanent features act as refugia 
during extreme events of flooding, drought and freezing 
(Sedell et al., 1990; Górski et al., 2010; Górski et al., 2011a).
Potential sources of carbon in 
riverine food-webs
Carbon can enter the food web through multiple 
pathways, including photosynthesis of atmospheric CO2 
(e.g. emergent aquatic and terrestrial C3 and C4 plants), as 
dissolved inorganic carbon utilised by suspended algae 
and attached biofilms, and from the processing of methane 
by chemoautotrophic biofilms.  Primary producers 
then provide basal carbon/energy sources for fuelling 
food chains and more specifically for incorporation into 
metazoan consumer food webs.
Potential basal energy sources are often divided 
into two groups: autochthonous (those formed 
locally) and allochthonous (those originating from 
elsewhere). Allochthonous sources of carbon include:
• Processed organic matter from upstream sources, 
e.g. inputs of processed terrestrial leaf litter from 
headwater streams and tributary inputs (Vannote et 
al., 1980; Minshall et al., 1985).
• Terrestrial inputs derived from floodplain interactions 
(Junk et al., 1989; Tockner et al., 2000), or local riparian 
and littoral vegetation (Angradi, 1994; Burns & 
Walker, 2000; Huryn et al., 2001; Zeug & Winemiller, 
2008).
• Marine-derived contributions from spawning 
migrations of anadromous fish (Hicks et al., 2005; 
Jardine et al., 2009; Syvaranta et al., 2009) and colonies 
of breeding marine birds, such as petrels (Harding et 
al., 2004).
• Aged inputs of millennial-aged organic carbon that 
has been stored in soils and sediments (Caraco et al., 
2010), or methane from groundwater incorporated 
through methanotrophic bacteria (Trimmer et al., 
2009).
• Anthropogenic sources, such as sewage inputs 
(deBruyn & Rasmussen, 2002; deBruyn et al., 2003) 
and carbon derived from drifting plankton discharged 
from impoundments, e.g. dams constructed for water 
reservoirs (Doi et al., 2008) or electricity generation 
(Angradi, 1994).
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Autochthonous sources of carbon in large rivers are 
more restricted and are typically represented by (i) carbon 
generated from in-stream primary producers such as 
phytoplankton (Hamilton et al., 1992; Lewis et al., 2001; 
Thorp & Delong, 2002), benthic algae (Bunn et al., 2003; 
Hladyz et al., 2010), biofilms (Burns & Walker, 2000) and 
macrophytes (Hoeinghaus et al., 2007) and (ii) local algal 
and phytoplankton carbon sources generated within 
inundated floodplains and lakes (Delong et al., 2001). 
In-stream primary production is essentially regulated by 
the physical properties of the river and its catchment (e.g. 
discharge, channel form and gradient, fluvial chemistry, 
velocity, turbulence and turbidity) (Reynolds, 1996).
Large river carbon flow theory
Several different theories have been developed to account 
for carbon flow through large river food webs and to 
stimulate discussion of this topic and other key aspects 
of large river ecological function. Significant and widely 
tested models describing energy flow driving biotic 
communities in large rivers include the River Continuum 
Concept (Vannote et al., 1980), the Flood Pulse Concept 
(Junk et al., 1989) and the Riverine Productivity Model 
(Thorp & Delong, 1994).  Each of these models focuses 
on a different dimension of the riverscape.  The River 
Continuum Concept has a longitudinal perspective 
describing ecosystem processes from upstream to 
downstream, whereas the Flood Pulse Concept highlights 
the importance of energy transfer from lateral floodplains. 
In contrast, the Riverine Productivity Model emphasises 
carbon derived from within the river channel itself.  More 
recently, the Riverine Ecosystem Synthesis (Thorp et al., 
2006; Thorp et al., 2008) examined the origin and relative 
importance of potential carbon sources in fuelling riverine 
ecosystem processes. These and other concepts relevant 
to energy flow in large rivers are discussed in more detail 
below.
Fig. 1.  Representations of hypothetical rivers illustrating dominant 
carbon sources to aquatic food webs as predicted by the three 
main conceptual models, (a) River Continuum Concept (RCC), (b) 
Flood Pulse Concept (FPC) and (c) revised Riverine Productivity 
Model (RPM).  Brown arrows represent fine processed organic 
matter leaked from upstream food webs, grey arrows represent 
terrestrial floodplain and riparian inputs of carbon and black 
circular arrows represent autochthonous carbon generated by 
in-stream algal production.
90
DOI: 10.1608/FRJ-5.2.476
Pingram, M.A. et al.
© Freshwater Biological Association 2012
Upstream inputs
In the River Continuum Concept, Vannote et al. (1980) 
proposed that natural river systems could be viewed as 
a continuous and predictable gradient from headwaters 
to their mouths.  Variables considered included water 
temperature, river flow, substrate, riparian influence and 
the origin of carbon for consumers.  A key component of 
this concept is that biological processes can be predicted 
by their longitudinal position within the river network.  In 
terms of energy flow in large rivers (> 6th order) the River 
Continuum Concept proposes that the main source of 
carbon for organisms will be fine processed organic matter 
transported from upstream (Fig. 1a).  Coarse particulate 
organic matter originating in river headwaters decreases 
in abundance with increasing distance downstream. 
In contrast, fine particulate matter generally increases 
as a result of invertebrate and microbial processing, 
although tributaries may provide localised inputs of 
coarse particulate organic matter. Community structure 
and composition are also predicted to change along a 
longitudinal gradient in response to the decreasing ratio of 
coarse particulate organic matter to fine particulate organic 
matter availability, e.g. dominant invertebrate functional 
groups are predicted to change from collectors and 
shredders in headwater streams, to collectors and grazers 
in the mid-order rivers, to predominantly collectors 
in large, high-order rivers (Vannote et al., 1980).  Local 
contributions from riparian vegetation and autochthonous 
primary production are considered less important in 
large rivers due to their width and turbidity.  The River 
Continuum Concept was further developed by Minshall et 
al. (1985) to address a broader range of spatial and temporal 
scales, acknowledging that direct terrestrial inputs from 
floodplain habitats could be important in some rivers and 
that available carbon resources could differ with season to 
provide a varied food base for consumers.  For large rivers 
with seasonally inundated floodplains, Sedell et al. (1989) 
adapted the longitudinal patterns originally stipulated in 
the River Continuum Concept to account for floodplain 
carbon contributions, as addressed by the Flood Pulse 
Concept described below. 
Floodplain inputs
The Flood Pulse Concept proposes that in large rivers 
with unaltered floodplains and predictable, seasonal 
flood pulses (e.g. the tropics), aquatic food webs derive a 
significant amount of their organic carbon from terrestrial 
sources as a result of floods (Junk et al., 1989) (Fig. 1b).  In 
contrast to the River Continuum Concept, this concept 
asserts that organic material derived during inundation of 
the floodplain is of higher nutritional value to consumers 
and easier to assimilate than carbon that had already been 
processed upstream.  The main channel was proposed 
to act primarily as a transport mechanism for water and 
suspended matter, whereas the majority of primary and 
secondary production occurred on the floodplain (Junk 
et al., 1989; Junk & Wantzen, 2004).  In some temperate 
large rivers, however, many fish species are dependent on 
fluvial environments and reside in the main channel on a 
permanent or semi-permanent basis (Dettmers et al., 2001; 
Galat & Zweimüller, 2001). Importantly, the Flood Pulse 
Concept highlights the lateral aspect of lowland alluvial 
rivers and their floodplains, emphasising that they are 
both parts of the same dynamic system, and that in larger 
rivers, significant carbon resources can be derived through 
terrestrial-aquatic exchange mediated by high flows. 
Although the Flood Pulse Concept was initially 
restricted to rivers with predictable seasonal flood pulses, 
Tockner et al. (2000) added the ‘flow pulse’ to account for 
within-bank expansion and contraction of river flow and 
associated temperature cycles.  For example, flow pulses 
may increase or decrease riverscape habitat heterogeneity 
and induce an intermediate degree of connectivity with 
lateral habitats such as side arms, transporting organic 
matter and stimulating autochthonous production, 
depending on the expansion or contraction phase of the 
pulse.  As such, within channel flow pulses may enhance 
the overall productivity of the floodplain, which in turn 
can act as both a source and a sink for materials (Tockner 
et al., 2000).  The relative importance of allochthonous 
and autochthonous organic carbon derived from the 
floodplain can also vary with the size of the associated 
river, the extent of the floodplain itself and factors such 
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as water temperature, the duration and volume of 
the flood or flow pulse, concentrations of transported 
nutrients and solids (both organic and inorganic) 
and the origin of flood waters (Tockner et al., 2000). 
Internal carbon generation and inshore 
processing 
The Riverine Productivity Model (Thorp & Delong, 1994) 
contends that previous concepts have underestimated 
the importance of autochthonous production and local 
organic inputs from the riparian zone in food webs of large 
rivers, particularly those with constricted channels and 
unpredictable flood pulses.  Thus, according to this model, 
several of the predictions of the River Continuum Concept 
and Flood Pulse Concept are likely to be applicable only in 
a limited number of situations (e.g. small to medium sized 
rivers and rivers with predictable seasonal flooding).  The 
original Riverine Productivity Model placed emphasis on 
the role of carbon from locally generated autochthonous 
algal and riparian carbon sources, as these were believed 
to be easier for organisms to assimilate (e.g. more labile), 
as opposed to processed organic matter transported from 
upstream, which is often of little nutritional value (Thorp 
& Delong, 1994).  It was proposed that terrestrial carbon 
derived during predictable seasonal floods, as proposed in 
the Flood Pulse Concept, may not be applicable to many 
large rivers, particularly those with aseasonal or cold-water 
flow patterns (Thorp & Delong, 1994). 
Support for the Riverine Productivity Model was 
provided by a comparison of carbon flow and food web 
structure between floodplain reaches of the Missouri 
and Mississippi Rivers and the constrained Ohio River, 
which were all subjected to a large, unpredicted flood 
event (Delong et al., 2001).  No apparent differences were 
observed in terms of primary carbon sources, although the 
flood may have enhanced the productivity of the riverine 
food web by increasing the availability of important 
autochthonous carbon sources, e.g., algal production 
in flooded areas rather than terrestrial carbon released 
from the floodplain (Delong et al., 2001).  Following 
further research that highlighted the importance of 
sestonic and benthic algae to riverine food webs, the 
Riverine Productivity Model was revised (Thorp et al., 
1998; Thorp & Delong, 2002).  These revisions expanded 
the applicability of the Riverine Productivity Model to a 
greater range of channel types and placed greater emphasis 
on the theoretical importance of autochthonous primary 
production to overall metazoan productivity through an 
algal-grazer food pathway, although local riparian inputs 
are likely to be seasonally important to some species 
dwelling in littoral habitats (Thorp & Delong, 2002) 
(Fig. 1c). Further support for the role of autochthonous 
carbon in large river food webs comes from studies of 
tropical and dry-land Australian rivers. Bunn et al. (2003) 
demonstrated that despite the high availability of terrestrial 
organic matter, a band of filamentous algae provided 
the major source of carbon to fish and invertebrates in 
floodplain water bodies (Bunn et al., 2003).  Autochthonous 
algal production is also considered to be the main 
carbon source fuelling fish production and food webs 
in tropical river systems of northern Australia (Douglas 
et al., 2005) and Papua New Guinea (Bunn et al., 1999).
Although it does not describe patterns of ecosystem 
structure and energy flow in large rivers over large spatial 
scales, the Inshore Retention Concept (Schiemer et al., 
2001a) is important when considering the locations of 
carbon flow and processing in large rivers.  As discussed 
earlier, lateral habitats are important to many aquatic 
organisms at base and peak flows, providing refuge 
from the greater water velocities in the main channel and 
increasing water retention for processing of material at 
low flows (Schiemer & Hein, 2007).  Depending on the 
size, longevity of the retention zone, and the duration of 
water retention within it (varying in scale from seconds 
and minutes to days and weeks), retention zones can have 
a high abundance and diversity of algal, invertebrate and 
fish species (Schiemer et al., 2001a; Schiemer & Hein, 2007). 
Phytoplankton communities are often enhanced by the 
slower flow of backwaters, benefiting from main channel 
nutrient inputs and increased light penetration.  As the 
phytoplankton communities undergo a successional 
process, energy is transferred to other parts of the food web, 
either via direct consumption by zooplankton, senescence, 
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or by export back to the main channel (Schiemer et al., 
2001a).  Smaller retention zones created by changes 
in shoreline configuration reduce current velocities to 
levels that benefit in-stream organisms (Schiemer et al., 
2001a).  Larger retention zones (e.g. backwaters and 
tributary junctions) provide valuable nursery and foraging 
habitats for fish (Schiemer et al., 2001a, b; Schiemer & 
Hein, 2007).  These zones are important for main channel 
ecological functioning and in structurally complex rivers 
are probably as important as the main channel in terms 
of supporting productivity (Thorp & Delong 2002). 
Inputs from tributaries
Other concepts, such as the Network Dynamics 
Hypothesis (Benda et al., 2004), have focussed on 
physical hydrogeomorphic nature of river networks at a 
landscape scale, providing a framework based on physical 
heterogeneity and environmental stochasticity as opposed 
to a mean state within river networks.  Important nodes in 
the river network can be created by connecting tributaries, 
which can influence water volume and quality, sediment 
inputs, bed particle size and slope (Rice et al., 2001, 2006), 
and in turn may create areas of high habitat complexity, 
biological diversity and productivity (Benda et al., 2004). 
For example, woody debris, nitrogen, phosphorus, algal 
biomass, substrate heterogeneity and consumer abundance 
are often higher within and downstream of tributary 
junctions (Benda et al., 2004; Kiffney et al., 2006).  The degree 
to which tributaries have an impact on the ecology of main 
stems can vary with the size and hydrogeomorphology 
of the two (or more) adjoining rivers (Poole, 2002; Benda 
et al., 2004).  Tributary junctions and confluence zones 
provide shelter for organisms from high flows in the main 
stem as well as additional food resources for certain fish 
and invertebrates, making them important juvenile rearing 
areas for many species.  Tributary junctions typically 
support a greater diversity of macroinvertebrates and fish 
species than the main channel, thus contributing to the 
overall biodiversity of large rivers (Fernandes et al., 2004; 
Collier & Lill, 2008).  Therefore, tributary confluences can 
be potential hotspots for biological diversity, production, 
and food web carbon exchange in large river systems.
Recent developments 
The Riverine Ecosystem Synthesis of Thorp et al. (2006), 
is based around the widely held principles that lotic 
ecosystems are four dimensional (longitudinal, lateral, 
vertical, temporal) and multi-threaded facets of the 
landscape.  The Riverine Ecosystem Synthesis has sought 
to build on previous theories, using empirical evidence that 
has indicated that certain aspects of them may be applicable 
in only a limited number of situations (Thorp et al., 2006, 
2008).  By bringing together elements of ecology, fluvial 
geomorphology, a terrestrial landscape patch dynamic 
model, and aspects of other aquatic models, the Riverine 
Ecosystem Synthesis aims to describe the biocomplexity 
of rivers and provide a framework for understanding the 
broad and often complex patterns of temporal, longitudinal 
and lateral dimensions of river networks that affect trophic 
complexity and carbon flow (Thorp et al., 2006, 2008). 
Fundamental to the Riverine Ecosystem Synthesis is the 
concept of the functional process zone, which can be loosely 
defined as a fluvial geomorphic unit of scale between 
a valley and a reach (Thorp et al., 2008).  The Riverine 
Ecosystem Synthesis regards rivers as arrangements of 
these large hydrogeomorphic patches (e.g. constrained, 
anabranching, distributary and meandering functional 
process zones) formed by catchment geomorphology and 
climate, characteristics that may recur longitudinally along 
the river network.  The type and frequency of riverine 
habitats can be linked back to the hydrogeomorphic 
characteristics of the zone in which they occur (Thorp et al., 
2008).  The distribution, frequency and scale of retention 
zones, for example, will be determined by the geomorphic 
and hydrological characters of the functional process zones 
in which they occur. 
The Riverine Ecosystem Synthesis proposes 17 
model tenets or hypotheses regarding the biocomplexity 
of riverine ecosystems.  In terms of carbon sources 
and energy flow supporting large river food webs, 
Model Tenet 10 of the Riverine Ecosystem Synthesis 
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states that primary production within large rivers will 
depend on the type of functional process zone and 
its hydrogeomorphic characteristics (e.g. hydraulic 
retention, main stem connectivity, geomorphic 
complexity and potential for lateral interaction).  On a 
mean annual basis, however, and in keeping with the 
Riverine Productivity Model, autotrophy mediated by 
an algal-grazer food web should provide the trophic 
basis for metazoan productivity as a whole, although 
allochthonous organic matter could still be important 
during some seasons and for some species (Model Tenet 
11).  Although acknowledging that allochthonous carbon 
from floodplain interactions can be important, the Riverine 
Ecosystem Synthesis hypothesises that most carbon 
derived from floodplain interactions is dominated by 
autochthonous algal production, as opposed to decaying 
terrestrial matter (Model Tenet 12) (Thorp et al., 2008).
Human modification
Human modification of flow regimes, sediment transport 
and floodplain interactions can change the spatial and 
seasonal availability and abundance of certain basal 
carbon sources, and may reduce the ability of food webs 
to utilise resources previously important for functions such 
as reproduction (Thorp et al., 2008).  Given that a large 
proportion of the world’s river systems have been altered 
in some way by human development (Nilsson et al., 2005), 
conceptual predictions of carbon sources supporting 
food webs in ‘natural’ large river systems are difficult to 
test, although testable hypotheses have been framed to 
account for this.  For example, Ward & Stanford (1983) 
adapted the River Continuum Concept by introducing the 
Serial Discontinuity Concept, to account for rivers whose 
flow is artificially regulated by the construction of dams 
that form large, deep reservoirs.  According to the Serial 
Discontinuity Concept, dams create discontinuities along 
the river continuum, causing upstream and downstream 
shifts in biotic and abiotic processes (Ward & Stanford, 
1983).  The relative effect on river food webs will also reflect 
the position and number of dams present in a river system. 
In certain circumstances, the creation of lentic habitats 
above dams will increase phytoplankton production, 
allowing export of a potentially novel planktonic carbon 
source to downstream food webs as water is discharged 
(Angradi, 1994; Doi et al., 2008).  In braided floodplain 
rivers, a dampening of flood pulses and increased flow 
stability could potentially lead to greater subsidies of 
terrestrial coarse particulate organic matter from riparian 
vegetation as a result of increased bank stability and tree 
colonisation (Ward & Stanford, 1995).  However, where 
riparian contributions are linked to floodplain inundation, 
dampening of flow pulses may lead to no change in 
allochthonous contributions (Kennedy & Ralston, 2012). 
The opposite may occur in other types of river systems 
where decreased sediment loads as a result of settling 
in dams can lead to increased river bed incision, which 
reduces connectivity with riparian and lateral habitats 
(Amoros & Bornette, 2002; Górski et al., 2011b).  Human 
modifications to large rivers are also likely to change the 
hydrogeomorphic nature of functional process zones. 
Flow modifications can lead to the loss of floodplains, shift 
the timing of flow pulses and reduce the ability of rivers to 
reshape their structural complexity.  In addition, alterations 
to catchments can change the nature of riparian and water 
quality characteristics, potentially altering the functional 
characteristics of functional process zones (Thorp et al., 
2006, 2008). 
Recent empirical evidence from 
large river food webs
Much of our knowledge of carbon flow in large river food 
webs has come from studies of North and South American 
rivers, with significant contributions from detailed 
studies of the Mississippi River (Delong, 2010).  Since the 
publication of the Riverine Ecosystem Synthesis, several 
studies have tested theories relating to carbon flow in 
large rivers across a range of climates, hydrologic regimes, 
watershed geochemistry and anthropogenic impacts, as 
well as at greater temporal and spatial scales (Table 1). 
Collectively, these studies are helping to test the predictions 
of the above concepts at a near global scale. 
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A detailed investigation by Delong & Thorp (2006) 
addressed the composition of transported organic matter 
in the upper Mississippi River, USA.  By separating algal 
and detrital fractions of transported organic matter, they 
concluded that the majority of carbon moving from primary 
to secondary consumers originated from algal sources. 
Thus, Delong & Thorp (2006) concluded that, in line with 
the revised Riverine Productivity Model, autochthonous 
carbon was the major energy source for metazoan food 
webs in the main channel.  They did identify, however, 
that detrital carbon could be important for a small number 
of consumers, and stressed the need for future studies to 
account for temporal variation in the abundance of energy 
sources and potential seasonal differences in their relative 
importance to river food webs (Delong & Thorp, 2006).  In 
contrast, Zeug & Winemiller (2008), in a study of the Brazos 
Publication River system Country Climate River type/s
Habitat/s 
sampled
Dominant carbon 
sources
Secondary 
carbon sources
Support for 
aspects of
Delong & 
Thorp (2006)
Upper 
Mississippi 
River
USA Temperate Floodplain Main channel
Autochthonous 
transported algal 
matter
RPM
Herwig et al. 
(2007)
Upper 
Mississippi 
River
USA Temperate
Floodplain 
and 
artificially 
constrained
Main channel Benthic algae and phytoplankton
C3 riparian 
plants
RPM, FPC, 
RCC
Hoeinghaus 
et al. (2007)
Upper 
Paraná 
River and 
tributaries
Brazil Neotropical High gradient Main channel
Phytoplankton 
and C3 aquatic 
macrophytes
Benthic algae, 
C3 and C4 
riparian plants
RPM
Below 
reservoirs Main channel
Phytoplankton 
and C3 aquatic 
macrophytes
RPM
Low 
gradient Main channel
C3 aquatic 
macrophytes
Phytoplankton 
(seston) FPC
Jepsen & 
Winemiller 
(2007)
Orinoco 
River 
tributaries
Venezuela Neotropical Floodplain
Connected 
lagoons and 
channel 
shoreline
Attached algae
C3 aquatic 
macrophytes RPM
Zeug & 
Winemiller 
(2008)
Brazos 
River USA
Temperate to 
sub-tropical
Meandering 
floodplain
Main channel C3 riparian plants FPC
Oxbow lakes C3 riparian plants
Autochthonous 
algal matter
FPC
Leigh et al. 
(2010)
Flinders 
and 
Gregory 
Rivers
Australia Wet-dry tropics Floodplain Main channel
Phytoplankton 
and benthic algae 
(biofilm)
RPM
Medeiros & 
Arthington 
(2010)
Macintyre 
River Australia Dry-land Floodplain
Floodplain 
lagoons
Benthic algae and 
phytoplankton
Riparian plants 
(CPOM) RPM
Hunt et al. 
(2011)
Mitchell 
River Australia
Wet-dry 
tropics Floodplain Main channel Benthic algae
Unidentified 
floodplain 
sources
RPM
Reid et al. 
(2011)
Cooper 
Creek Australia Dry-land Floodplain
Main 
channel and 
billabongs
Benthic algae RPM
Authors’
unpublished 
data
Waikato 
River
New 
Zealand Temperate
Constrained 
and 
floodplain
Main channel Benthic algae C3 aquatic and riparian plants RPM
Table 1.  Summary of geographic features and carbon sources supporting food webs from recent studies of large rivers included in this review.  Abbreviations: 
coarse particulate organic matter (CPOM), Revised Riverine Productivity Model (RPM), Flood Pulse Concept (FPC) and River Continuum Concept (RCC).
DOI: 10.1608/FRJ-5.2.476
95Carbon sources supporting large river food webs
Freshwater Reviews (2012) 5, pp. 73-91
River, Texas, during a period of high connectivity with 
oxbow lakes, provided support for the Flood Pulse Concept 
as C3 plants contributed significant amounts of terrestrial 
carbon to both main channel and oxbow lake food webs. 
Although algal carbon was important to invertebrates 
and small fish (< 100 mm in length) in oxbow lakes, it 
was not considered to be important in the main channel.
The spatial context of a river system and its watershed 
can have a significant effect on the carbon sources and 
pathways dominating the food web.  For example, 
Hoeinghaus et al. (2007) examined patterns of carbon flow 
in 10 large river food webs of the upper Paraná River, Brazil, 
to test hypotheses proposed by the River Continuum 
Concept, Riverine Productivity Model and Flood Pulse 
Concept.  Overall they concluded that C3 macrophytes 
and phytoplankton were the dominant sources of carbon 
supporting the food webs, although relative contributions 
varied between landscape type and channel gradient. 
For example, C3 macrophytes were the dominant source 
in low-gradient river food webs, contributing as much 
as 80 % of carbon assimilated by secondary consumers, 
whereas phytoplankton was the dominant carbon source 
within and downstream of reservoirs.  Additionally, 
in high-gradient rivers, although C3 macrophytes and 
phytoplankton were still important carbon sources, the 
importance of C4 plants and filamentous algae increased 
by around 40 %.  From these results they concluded that 
the predictions of the Flood Pulse Concept were most 
appropriate for describing carbon sources and flow in 
food webs of low-gradient rivers, whereas the Riverine 
Productivity Model provided the best representation 
for food webs in high-gradient rivers, reservoirs 
and downstream of dams (Hoeinghaus et al., 2007).
Jepsen & Winemiller (2007) investigated rivers 
in Venezuela and found little evidence for terrestrial 
C4 grasses being important carbon sources, while a 
combination of algae and C3 macrophytes provided 
the major carbon sources to the sampled food webs. 
Although isotopic signatures of these latter potential 
sources were broadly overlapping, several benthivorous 
grazers did align more closely with algae.  They also 
concluded that basin watershed geochemistry can play 
a major role in influencing the availability and isotopic 
composition of basal resources.  Herwig et al. (2007) 
investigated spatial and temporal patterns in food web 
structure in the upper Mississippi River and, despite some 
difficulties in clearly differentiating the stable isotope 
signatures of carbon sources within and between river 
habitats, concluded that both terrestrial C3 plant material 
and in-stream algal production were important sources 
of carbon to metazoan consumers.  Furthermore, they 
identified a potential seasonal shift in the carbon sources 
of filter feeding primary consumers towards algal carbon 
during spring and autumn.  Their results also identified 
that larger consumers may display high levels of trophic 
omnivory and diet flexibility in large river food webs.
Large Australian dry-land rivers present a potentially 
very different environment to those described above, and 
recent evidence from floodplain lagoons of the Macinytre 
River, a tributary of the Murray-Darling River system, has 
indicated a strong dependence of fish on autochthonous 
carbon derived from benthic algae and phytoplankton 
consumed by zooplankton (Medeiros & Arthington, 
2010).  However, local riparian inputs were also of some 
importance in the form of coarse particulate organic 
matter, leading Medeiros & Arthington (2010) to support 
the Riverine Productivity Model. The hydrological 
connectivity of floodplain water bodies can influence the 
relative importance of basal carbon sources to the food 
web, with benthic algae being of greater importance in 
billabongs with higher connectivity to the main channel 
of the Macintyre River (Reid et al., 2011).  Further, 
investigation into the role of the floodplain of Cooper Creek, 
which flows into Lake Eyre, revealed that flooding played 
a significant role in lateral exchanges of carbon (Burford 
et al., 2008).  Benthic algal carbon production in flooded 
areas also greatly exceeded values recorded previously 
from permanent waterholes in the same river system. 
Interestingly, the authors identified that the mortality of 
fish trapped in waterholes following receding of flood 
waters provided a carbon pool for subsequent benthic algal 
production (Burford et al., 2008). Leigh et al. (2010) found 
that in two rivers of northern Australia’s wet-dry tropics, 
the Flinders and Gregory systems, autochthonous carbon 
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in the form of biofilms and phytoplankton 
(seston) accounted for over half of the carbon 
assimilated by macroinvertebrates.  In addition, 
a range of consumers also assimilated local 
riparian detritus, demonstrating flexibility 
within the food web to exploit a range of carbon 
sources through generalist feeding strategies 
(Leigh et al., 2010).  Further evidence from the 
Mitchell River also indicated the importance of 
benthic algae as a carbon source for primary 
and secondary benthic consumers collected 
from the main channel during the dry season 
(Hunt et al., 2011).  However, more mobile 
secondary consumers such as fish and large 
invertebrates had δ13C signatures that reflected 
an unidentified external carbon source, which 
the authors concluded was probably sourced 
from the Mitchell River floodplain during wet 
season inundation (Hunt et al., 2011).  Our own work on 
the lower Waikato River, a temperate floodplain river 
in New Zealand, also suggests that benthic algae are 
likely to be the dominant carbon sources supporting 
aquatic consumers, and that, as with several of the above 
studies, contributions from C3 aquatic and riparian 
plants are also likely to be important for some consumers 
during certain seasons (authors’ unpublished data). 
On the basis of recent work using stable isotope 
analysis to quantify carbon flow in large river food webs, it 
would appear that autochthonous sources of carbon in the 
form of aquatic algae, and to a lesser extent phytoplankton 
and aquatic macrophytes, provide the dominant carbon 
sources fuelling large river food webs (Table 1, Fig. 2). 
With this in mind, aspects of the Riverine Productivity 
Model are most commonly supported by recent literature 
from a range of rivers (Table 1).  Several of the recent 
studies reviewed above have pointed out, however, that 
allochthonous carbon sources can also be important, 
under certain conditions, in certain habitats (e.g. floodplain 
water bodies) and for selected consumers.  Several 
studies have also supported the Flood Pulse Concept 
under certain conditions and in certain riverine habitats. 
Aspects of each concept could hold true depending 
on when during flow and climatic cycles studies are 
undertaken, as has been observed for fish productivity in 
temperate Australian floodplain rivers (Tonkin et al., 2011). 
Clearly, carbon flow in large river food webs is context 
dependent, both temporally in terms of flow variability, 
and spatially in relation to channel characteristics and 
lateral habitat complexity. Accordingly, the concept 
of functional process zones (Thorp et al., 2006, 2008) 
provides a helpful framework for incorporating riverscape 
heterogeneity into food web models.  As addressed 
in the Riverine Ecosystem Synthesis, carbon sources 
supporting food webs in large river systems, although 
predominantly autochthonous in nature (Model Tenet 
11), can be influenced by the hydrogeomorphic nature 
of the river unit or functional process zone (Model Tenet 
10).  A large proportion of the reviewed studies published 
since 2005 identify important secondary carbon sources 
(Table 1, Fig. 2).  The availability, quality and uptake 
of these secondary carbon sources can vary spatially 
and temporally within river systems and can have 
significant effects on energy flow in aquatic food webs 
(Marcarelli, et al., 2011).  Therefore, some flexibility 
in the utilisation of secondary carbon sources in 
Fig. 2.  Percentage of reviewed studies (n = 13), that identified primary (closed 
bars) and secondary (open bars) sources of carbon to large river food webs. 
Because some studies identified more than one primary carbon source and others 
identified no secondary source, the bars do not sum to 100 %.
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food webs is likely to be important across a range of 
flow regimes and lateral complexities in large rivers. 
Future prospects
Isotopes of elements other than carbon and nitrogen can 
also be employed to study aquatic food webs (Michener & 
Lajtha, 2007).  In some situations alternative isotopes can 
more clearly distinguish basal carbon resources of different 
origin (e.g. marine, floodplain, riverine and riparian 
ecotypes).  An increasing number of studies has begun to 
demonstrate subsidies to stream food webs from riparian 
vegetation using hydrogen isotopes (e.g. Doucett et al., 2007) 
and from floodplains to riverine food webs using sulphur 
isotopes (e.g. Jardine et al., 2011).  Furthermore, studies that 
employ multiple consumer tissue types have the potential 
to identify carbon contributions over shorter timescales and 
during important life history phases of organisms such as 
fish.  Using sulphur and carbon isotopes, and muscle, liver 
and gonadal tissues, Jardine et al. (2011) demonstrated that 
floodplain food sources were important for short term 
resource pulses to large fish species as well as providing 
the energy source for reproductive tissues.  Furthermore, 
studies of fish in temperate lakes have demonstrated that 
isotopic signatures of liver and muscle tissues respond 
differently to temporal variation in the signatures of food 
sources; as liver tissue turns over more rapidly, it tends to 
represent shorter term changes than white muscle tissue, 
which tends to reflect assimilation of carbon over extended 
periods of growth (Perga & Gerdeaux, 2005).  When applied 
alongside traditional dietary analysis and stable isotope 
techniques, other molecular techniques, such as genetic 
barcoding of stomach contents (e.g. Hardy et al., 2010) and 
analysis of fatty acid profiles (e.g. Van den Meersche et al., 
2009), may also prove fruitful for better quantifying trophic 
interactions in large river food webs.  Non-lethal sampling 
methods such as fin clips (e.g. Andvik et al., 2010) could 
also prove a viable means of assessing temporal changes 
in isotopic signatures of fish consumers and subsequently 
carbon flow.  Thus, the same individuals may be sampled 
more than once over a period of time and may enable the 
identification of food web responses to river rehabilitation 
measures.
While the accumulation of long-term stable isotope 
and food web data sets in newly researched rivers will take 
some time to elucidate critical processes, samples from 
long-term and museum collections provide a promising 
avenue for further research on riverine food webs (see 
Delong & Thorp, 2009).  Such collections have been used in 
lakes to establish long-term changes in isotopic signatures 
(Perga & Gerdeaux, 2003; Solomon et al., 2008), to estimate 
historical changes in food web structure (Schmidt et al., 
2009) and to identify priorities for food web restoration 
(Vander Zanden et al., 2003).  Where appropriate material 
has been collected and preserved, such approaches could 
enable managers and scientists to plan for and predict 
possible outcomes of future rehabilitation and management 
decisions, as well as potential impacts of proposed 
developments, climate change or species introductions. 
Globally, much effort is being directed at the rehabilitation 
of rivers and their floodplains, providing opportunities 
to study aquatic food webs pre- and post-rehabilitation. 
Studies that quantify carbon flow through aquatic food 
webs before and after dam removal or floodplain habitat 
reconnection, for example, could provide valuable insights 
into how food webs respond to changes in the availability 
of particular carbon sources resulting from the restoration 
of more natural flow and floodplain inundation cycles. 
Although the geographical coverage of studies has 
increased in recent years to include a range of continents, 
types of geochemistry and climatic regimes, the temporal 
coverage of studies is still generally limited to a single 
season or annual cycle.  In large river systems that have 
infrequent large-scale flooding, such as Australian 
dry-land rivers where there may be many years between 
flood events, food webs may be shaped over periods 
longer than annual cycles, and important interactions may 
not be easily identified through stable isotope analysis. 
Studies that incorporate data collected over extended 
time periods (potentially up to decades), coupled with 
studies carried out at shorter time scales, which address 
hydrogeomorphic units within a river system, will be 
particularly valuable in unravelling carbon flow in large 
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river food webs.  Moreover, restoration initiatives focused 
on restoring hydrologic connectivity between rivers and 
their floodplains or other floodscape habitats should 
allow for the fact that in some cases, changes in the food 
web structure and carbon flow of the river ecosystem as 
a whole may take several years to become discernible. 
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